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Post-translational modifications of ribosomal proteins are
important for the accuracy of the decoding machinery. A recent
in vivo study has shown that the rimO gene is involved in gener-
ation of the 3-methylthio derivative of residue Asp-89 in riboso-
mal protein S12 (Anton, B. P., Saleh, L., Benner, J. S., Raleigh,
E. A, Kasif, S., and Roberts, R. J. (2008) Proc. Natl. Acad. Sci.
U. S. A. 105, 1826 -1831). This reaction is formally identical to
that catalyzed by MiaB on the C2 of adenosine 37 near the anti-
codon of several tRNAs. We present spectroscopic evidence that
Thermotoga maritima RimQ, like MiaB, contains two [4Fe-4S]
centers, one presumably bound to three invariant cysteines in
the central radical S-adenosylmethionine (AdoMet) domain
and the other to three invariant cysteines in the N-terminal
UPF0004 domain. We demonstrate that holo-RimO can specif-
ically methylthiolate the aspartate residue of a 20-mer peptide
derived from S12, yielding a mixture of mono- and bismethyl-
thio derivatives. Finally, we present the 2.0 A crystal structure of
the central radical AdoMet and the C-terminal TRAM (tRNA
methyltransferase 2 and MiaB) domains in apo-RimO. Although
the core of the open triose-phosphate isomerase (TIM) barrel of
the radical AdoMet domain was conserved, RimO showed dif-
ferences in domain organization compared with other radical
AdoMet enzymes. The unusually acidic TRAM domain, likely to
bind the basic S12 protein, is located at the distal edge of the
radical AdoMet domain. The basic S12 protein substrate is
likely to bind RimO through interactions with both the TRAM
domain and the concave surface of the incomplete TIM barrel.
These biophysical results provide a foundation for understand-
ing the mechanism of methylthioation by radical AdoMet
enzymes in the MiaB/RimO family.

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. 4-10.

The atomic coordinates and structure factors (code 2QGQ) have been deposited
in the Protein Data Bank, Research Collaboratory for Structural Bioinformat-
ics, Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).
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Ribosomes are large ribonucleoprotein complexes that catalyze
the peptidyltransferase reaction in protein synthesis and are thus
responsible for the translation of transcripts encoded in the cellu-
lar genome. Detailed analyses of eukaryote and prokaryote ribo-
somes by peptide mass spectrometry provide insights into the
composition of ribosomal proteins and show a high degree of post-
translational modifications (1). These modifications are believed
to extend molecular structures beyond the limits imposed by the
20 genetically encoded amino acids (2). For example, the Esche-
richia coli ribosomal protein S12 is shown to be post-translation-
ally modified through 3-methylthiolation of the Asp-89° residue
(Scheme 1A), a modification believed to improve translational
accuracy (3,4). Recently, the yliG gene (later named rimO for ribo-
somal modification O) has been shown to be responsible for this
reaction in vivo (5). The protein encoded by this gene, RimO, con-
tains in its central part the highly conserved cysteine triad Cys-
XXX-Cys-XX-Cys, which is the hallmark of the radical AdoMet*
superfamily (Scheme 1B) (6).

Radical AdoMet enzymes share a common mechanism that
utilizes a [4Fe-4S]>"/** cluster chelated by the three cysteines
of the triad and by AdoMet to initiate, under reducing condi-
tions, a radical reaction mediated by a 5'-deoxyadenosyl radical
arising from the reductive cleavage of the bound AdoMet (7, 8).
This radical abstracts a hydrogen atom from a properly posi-
tioned substrate creating a substrate-based carbon radical. In
the formation of 3-methylthioaspartate at Asp-89 of the S12
protein (ms-D89-S12), this radical is supposed to be located on
the C3 of Asp-89, and then the site becomes successively thio-
lated and methylated (9).

Several other radical AdoMet enzymes besides RimO cata-
lyze the thiolation of substrates, including a tRNA-methylthio-

3 According to the UniProt data bank (POA7S3), the modified Asp residue of
protein S12 is located on Asp-89 and not on Asp-88 as erroneously speci-
fied in Kowalak et al. (4) and Anton et al. (5).

“The abbreviations used are: AdoMet, S-adenosylmethionine; msD89-512,
3-methylthioaspartate at Asp-89 of S12 protein; AdoH, 5'-deoxyadenosine;
TRAM, tRNA methyltransferase 2 and MiaB; HPLC, high pressure liquid chro-
matography; CAPS, 3-(cyclohexylamino)propanesulfonic acid; mT, millitesla;
PDB, Protein Data Bank; r.m.s.d., root mean square deviation; T, tesla.
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transferase enzyme (MiaB), biotin synthase (BioB), and lipoic
acid synthase (LipA) (10, 11). RimO and MiaB share a common
domain organization consisting of an N-terminal UPF0004 do-
main that is ~135 residues in length, a central radical AdoMet
domain of ~235 residues in length containing the radical
AdoMet cysteine triad, and a C-terminal TRAM domain of ~60
residues in length (Scheme 1B) (12). The domain organization
of BioB and LipA differs. A comprehensive analysis of 475 dif-
ferent microbial genomes suggests that RimO and MiaB belong
to an enzyme family with conserved domain architecture that
includes 16 distinct groups in eubacteria alone.” As many as
three different paralogs in the RimO/MiaB family are encoded
in some single genomes in this data set.

The UPF0004 domain has not been characterized structur-
ally, but it also contains three highly conserved cysteine resi-
dues. The very high sequence homology in the UPF0004
domain of MiaB and RimO strongly suggests that RimO binds
two [4Fe-4S] clusters as is the case for MiaB (Scheme 1B) (13).
BioB and LipA, the two other radical AdoMet thiolating
enzymes, also contain three conserved cysteines, but both their
spacing and location in the sequence differ from those of MiaB
and RimO. It is generally considered that in these systems
(MiaB, LipA, and BioB) the second cluster serves as a source of
sulfur atoms for substrate thiolation (11). However, more
experimental data are needed to support this hypothesis, as
these systems are not catalytic in vitro even in the presence of
the iron-sulfur cluster assembly machineries.

The sequence similarity between MiaB and RimO is also
apparent in the C-terminal TRAM domain. In MiaB the latter is
proposed to be involved in RNA binding as it has been shown
for diverse enzymes (12, 14). The hypothesis that RimO meth-
ylthiolates a protein rather than an RNA substrate suggests that
the binding specificity of the TRAM domain could be substan-
tially altered in RimO compared with MiaB and the other RNA-
modifying enzymes containing this domain.

In this work, we show that RimO from Thermotoga mari-
tima indeed contains, in addition to the radical AdoMet
[4Fe-4S]*"/'*, a second, N-terminal [4Fe-4S]>"/*" cluster.
The spectroscopic and redox properties of each [4Fe-4S]
cluster have been investigated and shown to display distinc-
tive signatures. In addition we set up the first in vitro assay
for the RimO-dependent introduction of a methylthio group
at the C3 aspartate residue of a 20-amino acid peptide mim-
icking the active site of the S12 physiological substrate,
strongly supporting the hypothesis that this segment of S12
is a physiological substrate for methylthiolation by RimO.
Finally, we have presented the crystal structure of the central
radical AdoMet and C-terminal TRAM domains from the
apo-form of T. maritima RimO, which provides important
hints as to how the enzyme recognizes its protein substrate
and mediates the methylthiolation reaction.

MATERIALS AND METHODS

Strains—E. coli DH5a was used for routine DNA manipula-
tions. E. coli BL21 CodonPlus(DE3)-RIL™ (Stratagene) was
used to produce the recombinant protein RimO.

5 S.Handelman and J. F. Hunt, manuscript in preparation.
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Expression and Purification of T. maritima RimO—DProtein
expression was conducted in LB medium at 37 °C using the
E. coli BL21 CodonPlus(DE3)-RIL™" as described previously
(15). RimO protein was purified under aerobic conditions and
contained low amounts of Fe-S clusters. The apo-form was
obtained by exposure to EDTA (10 mm) under reducing condi-
tions (5 mm sodium dithionite) as described previously (15).

Reconstitution of the Apo-form of T. maritima RimO—Fe-S
cluster reconstitution into T. maritima RimO was carried out
under strictly anaerobic conditions in a Jacomex NT glove box
containing less than 2 ppm O,. Following incubation of the
apo-protein with 5 mMm dithiothreitol for 10 min, a 10-fold
molar excess of ferrous ammonium sulfate (Fe(NH,),(SO,),)
was added followed by the addition of a 12-fold molar excess of
L-cysteine and a catalytic amount of the E. coli cysteine desul-
furase CsdA. Holo-RimO was purified using a published proce-
dure (13). A slightly modified protocol was used to prepare
Méssbauer samples starting with *’Fe-enriched FeCl, reduced
in situ with 4 mm dithiothreitol.

Peptide Synthesis—The 20-mer peptide LVRGGRVK-
DLPGVRYKIIRG, which contains the sequence surrounding
Asp-89 of the S12 protein physiological substrate, was synthe-
sized by ProteoGenix (Strasbourg, France). Analytical HPLC,
performed on a 0.46 X 25-cm Zorbax C4 column (Agilent),
showed that the purity of the peptide was >95%.

In Vitro Enzyme Assay—The assay mixture (50 ul) contained
a 30 uMm 20-mer peptide substrate and a 6 um reconstituted
RimO protein in 0.2 mM AdoMet, 2 mm dithionite, and 100 mMm
Tris-Cl, pH 7.5. The reaction was carried out at 50 °C under
anaerobic conditions. After a 60-min reaction time, two ali-
quots (30 and 15 ul) of the solution were transferred into
Eppendorf tubes, and the reaction was stopped by exposure to
air followed by flash-freezing in liquid nitrogen. With the first
aliquot (30 ul), conversion of the peptide substrate into the
thiomethylated product was quantified by HPLC coupled to
tandem mass spectrometry (HPLC-MS/MS) (see below). For
the second aliquot (15 ul), the volume was then adjusted to 100
wl with water, and the solution was centrifuged at room tem-
perature for 10 min at 14,000 rpm. The supernatant was
injected onto an HPLC Zorbax SB-C18 column equilibrated
with 0.1% trifluoroacetic acid. A linear gradient from 0 to 28%
acetonitrile in 0.1% trifluoroacetic acid was run at 1 ml/min for
15 min. S-Adenosylhomocysteine and 5’-deoxyadenosine
(AdoH) were detected at 260 nm and identified by comparing
their elution times (12 and 14 min, respectively) with that of
commercial samples.

Protein, Iron, Labile Sulfide, and Activity Assays—Holo-
RimO protein concentration was determined by quantitative
amino acid analysis giving an extinction coefficient at 280 nm of
100 mm ' cm ! translating into a 2.3—2.4 overestimation fac-
tor when using the standard Bradford assay calibrated with
bovine serum albumin. Protein-bound iron was determined by
amodified W. W. Fish procedure (16). Labile sulfide was deter-
mined according to the standard procedure (17).

Mass Spectrometry Analysis—HPLC-tandem mass spec-
trometry analyses were performed with a 1100 Agilent chro-
matographic system coupled with an API 3000 triple quadru-
polar apparatus (PerkinElmer Life Sciences) equipped with a
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turbo ionspray electrospray source used in the positive mode.
HPLC separation was carried out with a 2.11150-mm C4 silica
gel (5-mm particle size) column (Grace Davison Discovery Sci-
ences, Deerfield, IL) and a gradient of acetonitrile containing
0.1% formic acid in a 0.1% formic acid solution as the mobile
phase. The proportion of acetonitrile rose from 0 to 30% over
the first 30 min and further increased to 60% in 5 min. Mass
spectra were recorded between m/z = 380 and 1130. For quan-
titative analyses, chromatograms corresponding to the mass of
the +5, +4, and +3 charge states of the peptide and its mono-
methylthio and bismethylthio derivatives were extracted. The
area of the peaks were determined and summed for a same
compound. A comparison of the values obtained for each ana-
lyte reflected the concentration of each in the reaction mixture.

Spectroscopic Characterization of Fe-S Centers—UV-visible
absorption spectra were recorded in quartz cuvettes (optic path
1 cm) under anaerobic conditions in a glove box on a XL-100
Uvikon spectrophotometer equipped with optical fibers. Moss-
bauer spectra were recorded at 4.2 K, either on a low field Moss-
bauer spectrometer equipped with a Janis SVT-400 cryostat or
on a strong field Mdssbauer spectrometer equipped with an
Oxford Instruments Spectromag 4000 cryostat containing an
8T split-pair superconducting magnet. Both spectrometers
were operated in a constant acceleration mode in transmission
geometry. The isomer shifts were referenced against that of
a room temperature metallic iron foil. Analysis of the data was
performed with the program WMOSS (WEB Research).
X-band EPR spectra were recorded on a Bruker ESP-300E EPR
spectrometer operating with an ER-4116 dual mode cavity and
an Oxford Instruments ESR-9 flow cryostat. Resonances were
quantified under nonsaturating conditions by double integra-
tion against a 1 mm Cu-EDTA standard.

Purification and Crystal Structure Determination of Apo-
T. maritima RimO—Selenomethionine-labeled RimO was
purified according to a published procedure (18). Crystals were
grown at room temperature using 2 + 2 ul of microbatch reac-
tions under paraffin oil. Subtilisin (Sigma) was added at a con-
centration of 20 ug/ml to the protein stock solution containing
9.5 mg/ml RimO in 100 mMm sodium chloride, 5 mm dithiothre-
itol, and 10 mm Tris-HCI, pH 7.5, prior to mixing with an equal
volume of 40% polyethylene glycol 4000, 100 mm sodium thio-
sulfate, and 100 mm CAPS, pH 10. Rod-like crystals appeared
after 3—4 weeks. Crystals were frozen directly in liquid propane
(without cryoprotection) prior to collection of single wave-
length anomalous x-ray diffraction data at the selenium absorp-
tion edge on Beamline X4A at the National Synchrotron Light
Source at the Brookhaven National Laboratory. Diffraction
data were integrated and merged using the HKL package (19)
followed by the location of most of the selenium sites using BnP
(20). SOLVE/RESOLVE (21) was used for phasing and auto-
mated model building, which correctly assigned the sequence
for 70% of residues in the asymmetric unit. The structure was
completed via iterative cycles of model building using XtalView
(22) and refinement using CNS (crystallography and NMR sys-
tem) software (23). 8-Fold noncrystallographic symmetry
restraints (300 kcal/A and o, = 2) were applied for the radical
AdoMet domain of the model except during the final cycle of
refinement.
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Molecular Graphics—Except for Fig. 2C, which was prepared
using GRASP2 (24), all images were prepared using PyMOL.

RESULTS

Biochemical and Spectroscopic Characterization of T.
maritima RimO—A standard purification protocol (15)
allowed for the production of a pure protein that migrates as a
single band on a denaturating polyacrylamide gel (data not
shown), which was confirmed by N-terminal sequencing as
being the RimO protein. The apparent molecular mass of RimO
determined by analytical gel filtration chromatography (Super-
dex 200) showed that the protein is mainly a monomer in solu-
tion (data not shown). The molecular mass was determined by
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry to be 49,126 * 50 Da, in agreement with the mass
calculated from the amino acid sequence lacking the N-termi-
nal methionine (49,091 Da). The as-purified protein was light
brown in color and found to contain substoichiometric
amounts of iron and sulfur atoms (<0.8 iron and sulfur atom/
monomer). Holo-RimO could bind up to 7.0 = 0.5 iron and
8.0 = 0.7 sulfur atoms/polypeptide chain after anaerobic treat-
ment of the apo-form with an excess of ferrous iron and enzy-
matically produced sulfide followed by desalting (data not
shown).

The UV-visible spectrum of holo-RimO (Fig. 14) displays a
broad absorption band centered around 420 nm, which is
assigned to sulfur-to-iron charge transfer transitions character-
istic of a [4Fe-4S]>" cluster. This band has an A ,,,/A,g, ratio of
0.33 = 0.02 and a molar extinction coefficient at 420 nm of
35 mM “cm ! (biological [4Fe-4S]*" centers typically have
€40 = 15=17 mm~ ' cm ™! on a per cluster basis). In combina-
tion with the determination of a ratio of 7— 8 iron atoms/holo-
RimO, this indicates that the reconstituted enzyme contains
two [4Fe-4S] clusters/polypeptide. Upon the addition of dithio-
nite, the absorption decreased over the entire 350-700-nm
range (Fig. 1A4), as expected upon reduction of the chro-
mophore to the [4Fe-4S]'" state.

The presence of two [4Fe-4S] clusters in the holo-RimO pro-
tein was further substantiated by Mossbauer and EPR spectros-
copies. Fig. 1B illustrates the Mé&ssbauer spectrum of *’Fe
reconstituted holo-RimO recorded at 4 K under a field of 50 mT
applied perpendicularly to the y-beam. It is dominated by an
asymmetric doublet (6§ ~ 0.5 mm's™', AE, ~ 1 mms™ ')
flanked by an absorption at ~1.6 mm-s~'. Weak additional
absorptions appearing as a split peak at ~3 mm-s ™' and a shoul-
der at approximately —0.8 mm-s™" are attributed to adventi-
tiously bound Fe' ions. The parameters of the main doublet are
characteristic of [4Fe-4S]** clusters. In agreement with this
assignment, experiments performed under a strong magnetic
field reveal a diamagnetic behavior. This is also the case for the
absorption at 1.6 mm-s~ ', which must be part of a diamagnetic
cluster, although the Méssbauer parameters (6 and AE,,) of the
associated quadrupole doublet are unusually large for a [4Fe-
4S]*" cluster. As shown in Fig. 1B, the data can be analyzed by
taking into account two different [4Fe-4S]>" clusters. One of
them, accounting for 56% of the total iron, was simulated with a
quadrupole doublet with parameters (§ = 0.45(3) mm-'s *,
AE, = 1.04(5) mm-s~ ') that are within the range of those
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FIGURE 1. Spectroscopic characterization of holo-RimO. A, UV-visible
absorption spectra of oxidized (black) and reduced (red) forms of holo-RimO
(8 M) in 50 mm NacCl, 50 mm Tris-HCl, pH 8. The absorbance at 314 nm is due
to excess dithionite. B, MGssbauer spectrum of holo-RimO (288 um) in the
same buffer. The experimental spectrum (hatched marks) was recorded at 4.2
Kin a magnetic field of 500 mT applied perpendicular to the direction of the
y-beam. The theoretical spectra of the different species are shown as colored
lines above the experimental spectrum. The dark blue line represents a typical
[4Fe-4S]%" cluster, and the light blue lines represent the three distinct sites of
an atypical [4Fe-4S]** cluster composed of a delocalized Fe"Fe" pair (solid
line) and two distinct Fe centers, one being more ferrous in character (hatched
line) than the other (dotted line). The parameters of all these doublets and
their relative absorption intensities are given under “Results.” Additionally,
two quadrupole doublets (not shown) representing adventitiously bound Fe"
were used to simulate the spectrum. The composite spectrum is plotted as a
solid black line overlaid with the experimental data. C, X-band EPR spectrum of
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observed for typical [4Fe-4S]** clusters. The other one,
accounting for 32% of total iron, was simulated with three dif-
ferent quadrupole doublets with relative signal intensity ratios
2:1:1. The first doublet with double intensity has parameters
(=048 (6) mm's ™', AE, = 1.15 (9) mm's ') consistent with
a valence-delocalized Fe""Fe'" pair within the cluster. By con-
trast, the two remaining iron sites in the cluster are distinct, one
of them having a more ferrous character (8§ = 0.60 (4) mm-s ™",
AE, = 2.07 (8) mm-s~ ') than the other (§ = 0.3 (1) mm-s?,
AE, = 0.9 (2) mm's™ 1). This increased ferrous character yields
a quadrupole doublet with larger 6 and AE, parameters, which
malkes it noticeably distinct in the Mdssbauer spectrum. Similar
parameters have been reported recently for [4Fe-4S]*>™ clusters
containing a unique Fe site (25-27). The Mossbauer spectra of
*’Fe reconstituted dithionite-reduced holo-RimO are split
magnetically and could be fitted with a set of parameters typical
for [4Fe-4S]'" clusters with S = 5 ground state (supplemental
Fig. 4).

The EPR spectrum of the corresponding unenriched RimO
comprises two components. A weak signal at low field, around
g ~ 4, corresponding to an S > ' integer spin system (supple-
mental Fig. 5) and a major slightly rhombic componentatg ~ 2
that is clearly associated with an S = %% spin state (Fig. 1C).
Interestingly, all attempts to simulate the g ~ 2 signal with a
single spin % failed to reproduce the perpendicular region (sup-
plemental Fig. 6). By contrast, taking into account two slightly
different S = % spins in a 1:1 ratio allowed us to reproduce the
experimental spectrum. As shown in supplemental Fig. 7, the
EPR spectrum of *’Fe-enriched, dithionite-reduced holo-
RimO could be simulated with the same set of parameters
except for increased line widths and a species ratio of 59:41
(1.44). This ratio is consistent with that derived from the Moss-
bauer analysis of a sample from the same preparation before
dithionite reduction 56:32 (1.75). The difference between the
*’Fe-enriched and the unenriched samples probably originates
from the different reconstitution procedures (see “Material and
Methods”). Thus the EPR analysis also supports the presence of
two [4Fe-4S]'" in reduced holo-RimO.

Crystal Structure of the Radical AdoMet and TRAM Domains
of Apo-T. maritima RimO—We succeeded in growing diffrac-
tion-quality crystals of apo-RimO only in the presence of small
amounts of subtilisin (28), suggesting that cleavage of some
flexible protein segments was required to enable the formation
of a well ordered crystal lattice. Although the central radical
AdoMet and C-terminal TRAM domains were visualized in the
resulting 2.0 A crystal structure (Table 1, Scheme 1B, and Fig. 2,
A-D), no electron density was observed for the N-terminal
UPF0004 domain, suggesting that it had been removed by the
subtilisin treatment. Whether or not cleavage occurred, the

reduced holo-RimO (144 um) in the same buffer. The dotted red line shows the
g = 2 region of the X-band EPR spectrum recorded on a dithionite reduced
sample (natural >’Fe abundance) at 20 K under nonsaturating conditions
(0.63-milliwatt microwave power at 9.65 GHz frequency). The blue line shows
a theoretical simulation with two S = /2 species in a 51:49 ratio using a
Lorentzian profile. The parameters of species 1 are g,, = 1.902, g;, = 1.930,
gy, = 2.030, w;, = 2.7 mT, w;, = 3.4 mT, and w,, = 2.2 mT, whereas those of
species2areg,, = 1.879,9,, = 1.940,9,, = 2.042, w,, = 3.4mT,w,, = 1.1mT,
and w,, = 3.1 mT (half-width at half-maximum).
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TABLE 1
Summary of crystallographic data for T. maritima RimO¢

Space Group P1
88.6 x 88.7 x 96.0 A (91.0°, 90.0°, 89.9°)
29.9 - 2.00 (2.07-2.00)

Cell parameters (A)
Resolution (A)

Number of reflections 61,067
Mean redundancy 1.7

<l/sp> 14.2 (3.5)
Roym (%) 6.6 (36.0)
Completeness (%) 96.6 (96.0)
Ruori (%) © 21.2 (23.4)
Rpee (%) © 25.1 (27.3)
Rmsd in bond lengths (A) 0.006

Rmsd in bond angles (°) 1.1

Model contents:

Protein residues A: 135-148, 162-329, 341-430
B,E,H: 136-147, 162-329, 341-430

C,D,F,G: 136-146, 162-329, 341-430

Heteroatoms 4 (3-cyclohexyl-1-propylsufonic acid)
1442 H,0
Ramachandran distribution:
Core 91.3%
Additionally allowed 9.0%
Generously allowed 0%
Disallowed 0.8%

* The numbers in parenthesis are for the highest resolution shell.

b Rmerge = %Z[:llhi _<Ih)|/%;1hi
‘&=3| - 2
h h

failure to observe it in the crystal structure indicates that it is
loosely associated with the other domains in apo-RimO. In
addition, no electron density was observed for residues 149 —
161 and 330-340 in the radical AdoMet domain, meaning that
these loops also may have been cleaved by subtilisin. The first of
these missing segments contains the bulk of the [4Fe-4S]-ligat-
ing Cys-XXX-Cys-XX-Cys triad (at residues 148 —155), indicat-
ing that this loop is likely to be disordered in the absence of the
[4Fe-4S] cluster. The radical AdoMet domain in RimO (yellow,
cyan, and blue in Scheme 1B and Fig. 2A) contains six parallel
B-strands and seven a-helices, which form an open or incom-
plete triose-phosphate isomerase barrel equivalent to that
found in other radical AdoMet enzymes (29) such as MoaA
(involved in molybdenum cofactor biosynthesis (30)) (Fig. 2E).
According to the program DALI the most closely related
domain of known structure is found in oxygen-independent
coproporphyringogen III (PDB ID 10LT, Z-score = 11.7, and
4.2 A r.m.s.d. for alignment of 211 Cas with 18% sequence iden-
tity) (31). Other radical AdoMet domains show similarly high
scores, including MoaA (30) (PDB ID 2FB2, Z-score = 9.9, and
4.2 A r.m.s.d. for alignment of 185 « carbons with 9% sequence
identity). MoaA, which is involved in molybdenum cofactor
biosynthesis (30), provides the most informative comparison
with RimO because it also contains two [4Fe-4S] clusters, and
its anaerobic crystal structure has been determined with both
clusters bound, as well as its primary substrate (GTP) and
AdoMet co-substrate. The corresponding structural superpo-

5796 JOURNAL OF BIOLOGICAL CHEMISTRY

sition (Fig. 2, E and F) provides insight into the organization of
the active site in RimO, including most importantly the likely
positioning of its AdoMet co-substrate, the S12 substrate, and
two [4Fe-4S] clusters.

Although the curvature of the incomplete triose-phosphate
isomerase barrel varies somewhat in these homologous
domains, they share all of the secondary structural elements
except the final long a-helix at the C terminus of the radical
AdoMet domain in RimO. However, most contain additional
C-terminal secondary structural elements that cover the con-
cave surface of the incomplete triose-phosphate isomerase bar-
rel to form a closed binding site for the small molecule sub-
strates of these enzymes (e.g. as shown for the GTP substrate in
MoaA in Fig. 2, E and F). Positioning a macromolecular sub-
strate like the S12 protein in an equivalent location requires
some modification of the molecular architecture. Consistent
with this inference, the protein segments binding GTP in MoaA
are missing from the radical AdoMet domain of RimO, result-
ing in solvent exposure of the concave surface of its open triose-
phosphate isomerase barrel. Based on the fact that, in MoaA,
the GTP substrate binds to this surface (Fig. 2E), the S12 protein
substrate for RimO and the tRNA substrate for the paralogous
MiaB enzyme (13) are both likely to bind at the same site.

This inference is strongly supported by the location of the
TRAM domain in RimO (Fig. 2, A and C) as well as its electro-
static characteristics (Fig. 2B). TRAM domains are well known
to bind RNA molecules (12, 14); thus the TRAM domain in
MiaB has long been assumed to participate in binding of its
tRNA substrate (12). Given the uniformly strong sequence
homology throughout the RimO and MiaB sequences, the
TRAM domain in both of these paralogous enzymes is expected
to interact in the same geometry with the radical AdoMet
domain. In RimO, the TRAM domain (Fig. 2, A and D-F, red) is
bound at the distal edge of the concave surface of the radical
AdoMet domain, strongly supporting our hypothesis that mac-
romolecular substrates bind to this surface in RimO/MiaB fam-
ily enzymes.

The five-stranded anti-parallel B-barrel topology of the
TRAM domain of RimO is equivalent to that of other TRAM
domains of known structure (Fig. 2D). According to DALI the
most closely related domain is found in a AdoMet-dependent
methyltransferase of unknown function (PDB ID 1K3R,
Z-score = 8.2, and 1.7 A r.m.s.d. for alignment of 53 Cas with
8% sequence identity) (32). Other TRAM domains show simi-
larly high scores, including that in the 23 S ribosomal RNA
methyltransferase RumA (PDB ID 1UWYV, Z-score = 7.4, and
1.8 A r.m.s.d. for alignment of 52 Cas with 17% sequence iden-
tity) (33).

Although most TRAM domains are believed to bind nega-
tively charged RNA molecules, as hypothesized to occur in
MiaB (12), the binding specificity of this domain should pre-
sumably be altered in RimO to mediate interaction with the
positively charged S12 protein. Consistent with this assump-
tion, the putative substrate-binding surface of the TRAM
domain in RimO is strongly acidic (negatively charged) (Fig.
2C). This electrostatic environment is attributable in large part
to the presence of acidic residues in the TRAM domain that are
conserved in RimO orthologs but not in paralogous tRNA-
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SCHEME 1. A, the reaction catalyzed by RimO; “S” represents the sulfur atom donor. B, sequence alignment of
T. maritima RimO (TM1862), MiaB (TM0653), and TM0830 performed using T-COFFEE (41). TM0830 is a third
paralog with equivalent domain organization also encoded in the genome of T. maritima. Identical residues in
all three paralogs are shown in red. A structural schematic is shown above the alignment with a-helices and
B-strands represented by rectangles and arrows, respectively, and backbone segments not observed in the
crystal structure of apo-T. maritima RimO are indicated by dotted lines. The UPFO004 domain is shown in green,
the radical AdoMet domain in yellow and blue, and the TRAM domain in orange and red. (None of the UPFO004
domain was observed in the crystal structure.) The green circles below the alignment indicate the invariant
cysteines, and the cyan circles indicate conserved residues making salt bridges in the interface between the
radical AdoMet and TRAM domains. The magenta and purple circles indicate, respectively, invariant and con-
served acidic residues among RimO orthologs (data not shown) on the surface of the TRAM domain proximal
to the active site of the radical AdoMet domain.

This crystal structure further-
more provides insight into the loca-
tions of the two [4Fe-4S] clusters
that we have shown to be present in
RimO. Although only the first Cys
residue (Cys-148) in the conserved
cysteine triad in the radical AdoMet
domain is observed in our RimO
structure, it is located very close to
the homologous residue in MoaA
(Cys-24) (Fig. 2, E and F). Therefore,
the [4Fe-4S] clusters bound to the
radical AdoMet domains in both
enzymes are likely to be located at
equivalent sites. However, the sec-
ond [4Fe-4S] cluster in MoaA is
located in the region where the S12
substrate protein is hypothesized to
bind to RimO (Fig. 2, E and F).
Therefore, the second [4Fe-4S]
cluster in RimO, which is bound to
the N-terminal UPF004 domain, is
likely to occupy a different location
relative to the conserved AdoMet
and [4Fe-4S] binding sites in its rad-
ical AdoMet domain. Substantial
stereochemical differences are thus
likely in the Michaelis complexes of
RimO versus MoaA, despite the
homology of their radical AdoMet
domains.

In Vitro Methylthiolation Activity
of T. maritima RimO Enzyme—DPre-
vious work done by Anton et al. (5)
shows that complementation of the
E. coli rimO knock-out strain with
the wild-type rimO gene (yliG)
restores the production of ms-D89
invivo. To investigate the enzymatic
conversion of Asp-89 to ms-D89
in vitro, we used a 20-mer peptide
substrate with the sequence LVR-
GGRVKDLPGVRYKIIRG, corre-
sponding to the sequence sur-
rounding Asp-89 (in bold) of the
S12 protein. The enzymatic reac-
tion was carried out and treated as
described under “Materials and

binding enzymes like MiaB (14) (as indicated in Scheme 1B). Methods.” Fig. 3 shows the UV chromatograms of the peptide
Construction of a homology model of MiaB based on the coor-  before (Fig. 34) and after (Fig. 3B) reaction with holo-RimO. In
dinates of RimO indicates that the corresponding region of Fig. 3B, in addition to the peak of the unmodified peptide elut-
MiaB is basic or positively charged instead of acidic (data not ing at ~17 min, two new peaks are apparent after a 60-min
shown), consistent with binding of its tRNA substrate on the reaction with holo-RimO; one of these is only partially resolved
homologous surface. Therefore, our partial structure of RimO, and elutes at ~18 min, corresponding to compound 1, whereas
combined with analyses of homologous proteins, provides the other is well separated from that of the unmodified peptide
insight into the likely binding geometry of its macromolecular and elutes at ~24 min, corresponding to compound 2. Fig. 3C
substrate relative to the location of its radical AdoMet active shows the mass spectrum of the solution in the +5, +4, and +3
site (Fig. 2, E and F). charge states. The calculated molecular weight of the corre-
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sponding peaks was found by MS1 to be 2253.1 for the unmod-  heat-degraded AdoMet (adenine and methythioadenosine), the
ified peptide (Fig. 3C, red; theoretical, 2252.8), 2300 for com-  two other being the by-products of the RimO reaction (AdoH
pound 1 (Fig. 3C, black), and 2346.5 for compound 2 (Fig. 3C, and S-adenosylhomocysteine). The time course of the produc-
blue). The latter two values are con-
sistent with the addition to the
unmodified peptide of one (+46)
and two (+2 X 46) methylthio
groups, respectively. Mass spectro-
metric sequencing (MS2) unambig-
uously established that the methyl-
thio group of compound 1 is located
exclusively at the aspartate residue
of the peptide (supplemental Fig. 8,
A and B). This methylthiolation is
likely to occur on the 3-carbon posi-
tion of the aspartate residue as sug-
gested previously (4). The MS2 of
compound 2 failed to localize the
second methylthiolation. However
the presence of (y11)+ ion indicates
that the reaction occurred between
y1l and y10 (supplemental Fig. 8C).
More work is needed to localize pre-
cisely the site(s) of this modifica-
tion. No reaction was observed in
the absence of holo-RimO, AdoMet,
or dithionite. Because of similar
charge state distributions of the
peptide and its derivatives, an esti-
mation of the yield of the methyl-
thiolation reaction by holo-RimO
was possible on the basis of the area
of the HPLC-MS peaks (see “Mate-
rials and Methods”). Under the
incubation conditions used, 0.3
nmol of holo-RimO could insert 0.8
nmol of the sulfur atom into the
substrate, yielding ~0.6 nmol of
products 1 + 2. It is important to
note that as no external sulfur
source was added in the assay mix-
ture, the enzyme is not expected to
turn over under these conditions.
This result suggests that during
reconstitution of the Fe-S clusters,
holo-RimO has incorporated more
than two sulfur atoms available for
the methylthiolation reaction.
Analysis of the reaction mixture
at 260 nm on a C18 column revealed
the presence of five compounds.
The identity of each peak was clearly
established by their HPLC retention
times with respect to those of
authentic commercial compounds
(supplemental Fig. 9). Besides the
remaining AdoMet, four new peaks
are apparent, two originating from
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tion of these five compounds is given in supplemental Fig. 10.
The amounts of the by-products of the RimO reaction (AdoH
and S-adenosylhomocysteine) formed during a 70-min time
course are reported in Table 2. It is noteworthy that whereas
S-adenosylhomocysteine is produced in an ~1.5-fold excess
(1.19/0.8) with regard to the thiolated products, the AdoH/
thiolated products ratio culminates in a value of about 5 (4.04/
0.8). Moreover, whereas AdoH production is strictly dependent
on the presence of the peptide substrate, S-adenosylhomocys-
teine is partially formed even in the absence of the latter (data
not shown).

DISCUSSION

In this study, we have shown that holo-RimO from T. mari-
tima can accommodate two [4Fe-4S]?>"/1" centers and con-
firmed, via an in vitro assay, that this radical AdoMet enzyme
catalyzes the methylthiolation of a peptide-bound aspartate
residue (5). During the submission process of the present work,
a closely related paper appeared in the literature, which pre-
sents a spectroscopic and functional characterization of the
RimO enzyme from E. coli in general agreement with our data
(34). However, in this study the spectroscopic characterization
suffers from an apparent lack of homogeneity in the reconsti-
tuted samples, which contain significant amount of adventi-
tious iron. The high iron content may explain the broad absorp-
tion in the Mossbauer spectrum. In contrast, the more
homogenous preparations of T. maritima RimO allow for clear
spectroscopic differentiation between the two [4Fe-4S] clus-
ters. However, further studies are needed to assign each spec-
troscopic signature to its cognate cluster. Furthermore, the
T. maritima RimO is much more active than the E. coli RimO.
Finally, our study provides the first partial structural character-
ization of the enzyme.

The absolute requirement for two iron-sulfur clusters in
enzymes involved in C—H to C-S bond conversion reactions is
thus a feature that does not suffer any exception so far. Indeed,
the same cluster content has been found in the radical AdoMet
enzymes biotin synthase (BioB) (35) and lipoate synthase
(LipA) (36), a tRNA methylthioltransferase (MiaB) (13), and
now RimO. However variations have been observed regarding
the type of clusters bound to the proteins. Although they all
contain a [4Fe-4S] cluster bound to cysteines of a Cys-XXX-
Cys-XX-Cys motif and capable of reducing AdoMet, the second
cluster can be a [2Fe-2S] cluster (BioB) or a [4Fe-4S] center
(LipA, MiaB, and RimO). This observation has led to the gen-
eral hypothesis that, in all of these enzymes, the second cluster,
or activated derivatives of it, serves as the source of sulfur atoms
during the thiolation reaction (11).

The RimO-catalyzed reaction is thus supposed to proceed
through following steps: (i) AdoMet reductive cleavage pro-
moted by the radical AdoMet cluster to generate a 5'-deoxy-
adenosyl radical, Ado’; (ii) selective H atom abstraction at the
3-carbon of the aspartate substrate by Ado’; (iii) reaction of the
resulting intermediate radical with second [4Fe-4S] cluster,
through a thus far ill defined mechanism, to generate the C-S
bond; (iv) methylation at the introduced sulfur atom, most
probably through the reaction with the electrophilic methyl
group of a second AdoMet molecule. Further experiments are
needed to substantiate this mechanism. Most of the radical
AdoMet enzymes that have been functionally studied display a
decoupled AdoMet cleavage, which refers to a reductive cleav-
age of AdoMet in the absence of substrate, or a reductive cleav-
age of AdoMet that exceeds the stoichiometry required for
catalysis (37, 38). In the case of RimO this decoupling is
observed only in the presence of the substrate (AdoH/product
around 5). The same behavior has also been observed with the
E. coli enzyme (34). Together with the unexpected formation of
a bismethylthiolated product, this may be a consequence of
using a minimal substrate (a peptide in place of the S12 protein)
that does not allow a strict control of the outcome of the reac-
tion. Finally, it is interesting to note that one molecule of T. ma-
ritima RimO is able to insert a total of 2 equivalents of the
methylthio group into the substrate, whereas the E. coli enzyme
produces only a 0.12 equivalent (34). However, as with BioB,
LipA, and MiaB, there is a need to find the conditions for mul-
tiple turnovers. In addition to AtsB, which is involved in the
maturation of sulfatases, RimO constitutes the second example
of a radical AdoMet enzyme involved in protein modification
(39).

RimO displays many similarities to MiaB. First, like MiaB, it
is a bifunctional enzyme, catalyzing the same two reactions: a
radical insertion of sulfur atoms in the substrate and a methyl-
ation at the introduced sulfur atoms. In the case of RimO some
molecules of the substrate have been methylthiolated twice,
possibly because of altered interactions of the peptide substrate
with RimO as compared with that of the complete S12 protein.
Second, as in the case of MiaB, the two [4Fe-4S] clusters in
RimO display different spectroscopic signatures; further exper-
iments are needed to assign these signatures to specific clusters.
The clusters are more differentiated in the case of RimO, as they
can be resolved spectroscopically in both Mdssbauer and EPR
spectra. The third common characteristic of RimO and MiaB is
the conservation of a TRAM domain at the C terminus of the
protein. This domain organization is intriguing because TRAM
motifs are known to specifically recognize nucleic acids (33). It

FIGURE 2. Crystal structure of the radical AdoMet and TRAM domains in apo-RimO from T. maritima. A, schematic diagram with the radical S-adenosyl-
methionine (R-SAM) domain colored cyan, blue, and yellow and the TRAM domain colored red and orange. Invariant residue Cys-148, which probably ligates one
[4Fe-4S] cluster in holo-RimO, is shown in ball-and-stick representation. B, an equivalent view of the structure with the color and thickness of the backbone
worm representing backbone B-factors, which measure the degree of positional disorder in the crystal. The color ramp runs from blue for the lowest B-factors
(10.7 A%) to redfor the highest (69.1 A2). The C terminus is labeled Cter, and residue numbers are given for all other termini of the observed polypeptide segments.
C, electrostatic surface potential of RimO, with blue and red representing acidic and basic regions, respectively, and fully saturated colors indicating a potential
of =14 kT atan ionic strength of 100 mm (24). D, structural superposition of the TRAM domains in RimO (red) and RumA (green) as aligned by DALI. E, stereopair
showing structural superposition of the radical AdoMet domains in RimO (blue and red) and MoaA (green and yellow) as aligned by DALI. The AdoMet
co-substrate (orange) and GTP substrate (wheat) in MoaA are shown in space-filling representations, and its [4Fe-4S] clusters and Cys-24 (equivalent to Cys-148
in RimO) are shown in ball-and-stick representations. The C-terminal a-helices in MoaA, which pack on the surface of the yellow B-sheets, have been omitted
to improve clarity. F, stereopair showing a close-up view of the active site in the same structural superposition.
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FIGURE 3. HPLC-MS identification of enzymatic reaction products. A, total
ion-current chromatogram for the 20-mer peptide without enzyme treat-
ment. B, equivalent chromatogram after reaction of the peptide with holo-
RimO. The peaks at 18.55 and 25.50 min correspond to monomethylthio and
bismethylthio derivatives, respectively. C, mass spectra of the unmodified
peptide (red), monomethylthio derivative (black), and bismethylthio deriva-
tive (blue) showing +5, +4, and +3 charge states.

was thus hypothesized initially that the interaction between
RimO and its protein substrate involves the participation of
ribosomal nucleic acids (5). However, our data show that sub-
strate recognition can take place in the absence of any nucleic
acid. Reinforcing this result, the partial structure of RimO pre-
sented here shows that this domain displays a highly negatively
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TABLE 2

Time courses for the formation of the by-products in the reaction of
RimO with the peptide substrate

The assay mixture (50 ul) contained 30 uM of 20-mer peptide substrate and 6 um of
reconstituted RimO protein in 0.2 mm SAM, 2 mM dithionite, and 100 mm Tris-Cl,
pH 7.5. The reaction was carried out and treated as described under “Materials and
Methods.” SAH, S-adenosylhomocysteine.

Incubation reaction time AdoMet SAH AdoH
min nmol nmol nmol
3 7.87 0.18 0.53
15 6.27 0.49 1.87
25 533 0.68 2.59
45 4.06 0.92 3.29
68 341 1.19 4.04

charged surface, suggesting a direct binding of the very basic
S12 substrate protein. Interestingly, previous studies have
shown that some ribosomal proteins, among these S12 itself,
adopt an L-shaped quaternary structure reminiscent of that of
tRNAs (40). A homology-based structural model of MiaB (data
not shown) indicates a complete inversion of polarity in the
equivalent region in this protein, in agreement with MiaB bind-
ing a tRNA substrate at the equivalent site.

Binding of the S12 and tRNA substrates to the TRAM
domains in RimO and MiaB will position them proximal to the
conserved site of AdoMet binding in the radical AdoMet
domain (Fig. 2E), as expected, to enable hydrogen atom abstrac-
tion from the substrate by the adenonsyl radical intermediate
generated from AdoMet. This likely binding site for macromo-
lecular substrates on the concave surface of the radical AdoMet
domain coincides with the location of the binding cavities for
the small molecule substrates of enzymes like BioB (not shown)
and MoaA (Fig. 2E). The binding of macromolecular substrates
at this site in RimO/MiaB family enzymes explains the absence
of the additional secondary structural elements found on this
surface in BioB, MoaA, and other radical AdoMet enzymes that
process small molecule substrates. It is noteworthy that these
elements bind the second [Fe-S] clusters in both BioB (not
shown) and MoaA (Fig. 2E). Their absence in RimO and MiaB,
combined with the occupancy of this region by the macromo-
lecular substrates, will prevent the second [Fe-S] from binding
to a comparable site in these enzymes. Therefore, the [4Fe-4S]
cluster bound to the UPF0004 domain in RimO and MiaB is
likely to interact with the radical AdoMet domain active site in
a substantially different geometry compared with the second
clusters in BioB and MoaA. Our coordinated structural and
mechanistic characterization of RimO and MiaB should con-
tinue to provide new insight into sulfur atom insertion into
macromolecular substrates.
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